The marsupial tammar wallaby has the longest period of embryonic diapause of any mammal, up to 11 months, during which there is no cell division or blastocyst growth. Since the blastocyst in diapause is surrounded by acellular coats, the signals that maintain or terminate diapause involve factors that reside in uterine secretions. The nature of such factors remains to be resolved. In this study, uterine flushings (UFs) were used to assess changes in uterine secretions of tammars using liquid chromatography-mass spectrometry (LC-MS/MS) during diapause (day 0 and 3) and reactivation days (d) 4, 5, 6, 8, 9, 11 and 24 after removal of pouch young (RPY), which initiates embryonic development. This study supports earlier suggestions that the presence of specific factors stimulate reactivation, early embryonic growth and cell proliferation. A mitogen, hepatoma-derived growth factor and soluble epidermal growth factor receptors were observed from d3 until at least d11 RPY when these secreted proteins constituted 21% of the UF proteome. Binding of these factors to specific cellular receptors or growth factors may directly stimulate DNA synthesis and division in endometrial gland cells. Proteins involved in the p53/CDKN1A (p21) cell cycle inhibition pathway were also observed in the diapause samples. Progesterone and most of the oestrogen-regulated proteins were present in the UF after d3, which is concomitant with the start of blastocyst mitoses at d4. We propose that once the p21 inhibition of the cell cycle is lost, growth factors including HDGF and EGFR are responsible for reactivation of the diapausing blastocyst via the uterine secretions.
Introduction
The uterine environment provides a complex array of secreted factors under dynamic endocrine control (Clemetson et al. 1977 , McRae 1988 , Salleh et al. 2005 . Several studies in the 1970s used uterine flushing (UF) to sample uterine fluid in order to characterise the changing composition of uterine secretions in humans and animal models (Urzua et al. 1970 , Renfree 1972 , 1973 , Aitken 1974 , Wolf & Mastroianni 1975 , Ametzazurra et al. 2009 , Boomsma et al. 2009 ), but the techniques of the time lacked sensitivity and specificity now possible with modern proteomic techniques. A major contribution to the uterine contents comes from secretions of the glandular epithelial cells (Salamonsen et al. 2009 ), including nutrients, proteases, hormones, cytokines and growth factors, associated with the regulation of uterine function and embryonic development (Kane et al. 1997 , Hempstock et al. 2004 , Dominguez et al. 2010 , Hannan et al. 2011 , Binder et al. 2014 , Thouas et al. 2015 . Human UFs are complex, with more than 800 proteins derived from epithelial cell secretions, transudates from blood, and from breakdown of cells distinct from the cellular cytoplasm (Casado-Vela et al. 2009 , Scotchie et al. 2009 , Hannan et al. 2010 .
Reproduction in the tammar wallaby is characterised by embryonic diapause. Like all marsupials, tammars give birth to an immature young that undergoes extended development whilst attached to the teat (Tyndale-Biscoe & Renfree 1987) . Within 1 h after birth, the female mates (Rudd 1994) , and the resulting conceptus grows for only 7 days in the uterus until it reaches about 80 cells when further cell division is halted as a result of the sucking stimulus of the new pouch young (Renfree & Shaw 2000) . This unilaminar blastocyst is surrounded by an acellular shell coat, a mucin layer and a zona pellucida. The diapausing embryo has no measurable metabolic activity, no cell division or cell growth (Moore 1978 , Thornber et al. 1981 , Shaw & Renfree 1986 , Spindler et al. 1998 , 1999 , but removing the sucking pouch young (RPY) removes the neuroendocrine inhibition of the corpus luteum. Consequently, circulating progesterone rises after day 3 to a peak at day 5-6 after RPY (Hinds & Tyndale-Biscoe 1982) , which stimulates increased endometrial secretory activity and reactivation of the diapausing blastocyst (Renfree 1973 , Renfree & Tyndale-Biscoe 1973 , Shaw & Renfree 1986 , Fletcher et al. 1988 , Shaw 1996 , Renfree & Shaw 2000 .
Reactivation commences after day 3 (Gordon et al. 1988 , Hinds et al. 1989 . By day 4 RPY, there is a dramatic increase in glucose oxidation and glutamine uptake and oxidation by the blastocyst and the first mitoses in the blastocyst are observed (Spindler et al. 1998 , 1999 .
Tammars have two separate uteri, but, since they are monovular, only one becomes gravid; the contralateral uterus is non-gravid. Both uteri respond similarly because of local distribution of progesterone from the ipsilateral corpus luteum (Towers et al. 1986 ) until around day 15 when only the gravid uterus becomes larger and more secretory due to local embryonic signals (Renfree 1972 , Renfree & Tyndale-Biscoe 1973 , Renfree & Shaw 2000 , Renfree 2015 . Embryo transfer experiments (Tyndale-Biscoe 1963 , 1970 , Renfree 1972 confirm that the corpus luteum (CL) does not directly stimulate the quiescent blastocyst to resume development, but rather acts by inducing changes in the uterine secretions. Embryo transfer experiments in eutherian mammals have provided further evidence of the importance of the uterus during embryonic development in diapause and that the uterine signals regulating the embryo are conserved (Chang 1968 , Ptak et al. 2012 , Cha et al. 2013 , Fenelon et al. 2014 , Renfree & Shaw 2014 .
Specific components of the uterine secretions undoubtedly play a role in regulating early embryo development. There is greater rate of protein synthesis in the gravid uterus of the tammar (Renfree 1972 , 1973 , Shaw & Renfree 1986 because progesterone is preferentially delivered to the gravid uterus (Towers et al. 1986 ). Furthermore, progesterone alone is sufficient to reactivate diapausing embryos (Renfree & Tyndale-Biscoe 1973) . In some marsupial endometria, the region around the nucleus of each cell undergoes active protein synthesis; these secretions may include cell compartments that continue to flow into uterine lumen (Shorey & Hughes 1973 , Walker & Hughes 1981 and these patterns are similar to that in the tammar (Tyndale-Biscoe & Renfree 1987) . However, after day 15, differences between the two uteri emerge that are due to the presence of the developing embryo, and appear to be the result of stimulation by the placenta (Renfree 1972 (Renfree , 2015 perhaps mediated by placental hormones (Menzies et al. 2011) , demonstrating that there is maternal recognition of pregnancy (Renfree & Shaw 2000 , Renfree 2015 . Thus, only the gravid uterus maintains secretory activity as pregnancy progresses (Renfree 1972 , 2000 , Renfree & Tyndale-Biscoe 1973 , Tyndale-Biscoe & Renfree 1987 .
In tammars, the embryo is separated from the uterine epithelium by an acellular shell coat during diapause and until after day 17 of the 26-day active gestation, preventing direct cellular interaction with the endometrium, so control of diapause and reactivation must be achieved through soluble factors in the uterine fluids (Renfree 1972 , Renfree & Tyndale-Biscoe 1973 , Shaw 1996 . Components of UF are derived from secretions from the luminal epithelium and glands, proteins selectively transuded from blood, and include several uterine-specific pre-albumins during reactivation (Renfree 1973) . Previous studies have not identified the specific uterine regulatory factor(s) that control diapause of the embryo. In this study, we have therefore used a non-biased global proteomics approach to characterise the proteome of the uterine fluid in diapause and reactivation. We profiled tammar proteins in UF from diapause until late gestation with the aim of identifying and evaluating if those proteins might potentially be implicated in the maintenance of diapause or embryonic reactivation, expansion and development. Figure 1 Schematic illustration of the sequential events from diapause to reactivation and birth at d26 RPY. Reactivation occurs after inhibition of the CL by the early morning pulse of prolactin which has been removed for three consecutive days. If a young is replaced onto the teat at any time up to 72 h after RPY, reactivation will not occur. On the fourth day of the removal of PY (d4 RPY), there is an increase in mitosis, protein synthesis and transport followed by an increase in RNA synthesis by d5 RPY. However, the first expansion of the blastocyst does not occur until d8 RPY. removing the pouch young, and stages of pregnancy were determined relative to the day of the removal of the pouch young (designated day 0 after RPY).
Materials and methods

Animal maintenance
Sample collection and preparation
Analysis of marsupial uterine fluids poses problems because of their small volumes, which preclude direct collection of the secretions, so we used uterine flushings. Females were killed humanely on days 0, 3, 4, 5, 6, 8, 9, 11 and 24 after removal of pouch young. Five animals at each stage with paired gravid and non-gravid UF samples except at days 3, 11 and 24, where three animals were used and at days 11 and 24 UF from only the gravid side, were collected. Immediately post-mortem, the reproductive tract was dissected out and gravid and nongravid uteri were each flushed with 2 mL of 0.9% saline. The volume of uterine fluids is minute and effectively exists only as a moist surface, so the concentration of protein in the flush was taken as the amount of protein in the uterine fluids per 2 mL. The flushings were examined under a dissecting microscope and any blastocysts were retrieved. About 10 µL of protease inhibitors (Sigma Aldrich) was added to the collected flushings. It was then centrifuged at 16,000 g for 10 min at 4°C in a refrigerated microcentrifuge (Eppendorf, Hamburg, Germany) to remove cell debris. The supernatants were stored at −80°C until further use. This study characterises the protein composition of UF in tammar from diapause (day 0 and day 3), 4, 5, 6, 8 and 9, 11 and 24 RPY. Chemicals were purchased from Sigma Aldrich unless otherwise indicated. The protein concentrations of gravid UF were determined using a BCA Protein Assay Kit−Reducing Agent Compatible (Thermo Fisher Scientific) following the manufacturer's instructions.
An aliquot equivalent to 100 µg of protein was initially with reduced by the addition of 5 mM dithiothreitol (DTT) at 95°C for an hour and alkylation with 50 mM iodoacetamide (IAA) in the darkness. This was followed by overnight digestion with sequencing grade modified trypsin (Thermo Pierce) at 37°C on a shaker with the ratio of enzyme to protein, 1:50. The following day, the protein digestion was halted by adding formic acid to final 1% (v/v). The protein digest was then purified using an Oasis HLB (polymeric reverse phase) solid phase extraction (SPE) cartridge (Waters Corporation, Milford, MA, USA). Purified peptides were then lyophilised overnight in a freeze dryer (Virtis, PA, USA) and reconstituted in 0.1% formic acid before analysis using LC-MS/MS.
One microlitre of whole blood was collected from tammars and stored at room temperature for an hour. It was centrifuged for 10 min at 2000 g in a refrigerated centrifuge (Eppendorf, Hamburg, Germany) at 4°C for 10 min to remove the blood clot. The supernatant (serum) was carefully aspirated into a new tube and stored at −80°C until further use. An aliquot of 5 µL serum was made up to 100 µL with water and digested as described above.
LC-MS/MS analysis
LC-MS/MS was carried out on an LTQ Orbitrap Elite (Thermo Scientific) mass spectrometer with a nanoESI interface in conjunction with an Ultimate 3000 RSLCnano highperformance liquid chromatography (HPLC) (Dionex, CA, USA). The HPLC system was equipped with an Acclaim Pepmap nano-trap column (Dinoex-C18, 100 Å, 75 µm × 2 cm) and an Acclaim Pepmap RSLC analytical column (Dinoex-C18, 100 Å, 75 µm × 15 cm) (Dionex, CA, USA). The tryptic peptides were injected to the enrichment column at an isocratic flow of 5 µL/min of 3% (v/v) acetonitrile containing 0.1% v/v formic acid for 5 min applied before the enrichment column was switched in-line with the analytical column. The eluants were 0.1% v/v formic acid (solvent A) and 100% v/v acetonitrile in 0.l% v/v formic acid (solvent B). The flow gradient was (i) 0-5 min at 3% B; (ii) 5-6 min at 3-6% B; (iii) 6-18 min at 6-10% B; (iv) 18-38 min at 10-30% B; (v) 38-40 min at 30-45% B; (vi) 40-42 min at 45-80% B; (vii) 42-45 min at 80% B; (vii) 45-46 min at 80-3% B; and (viii) 46-53 min at 3% B. The LTQ Orbitrap Elite spectrometer was operated in the data-dependent mode with nano ESI spray voltage of 2.0 kV, capillary temperature of 250°C and S-lens RF value of 55%. All spectra were acquired in positive mode with full scan mass spectrometry (MS) spectra scanning from m/z 300-1650 in the FT mode at 240,000 resolutions after accumulating to a target value of 1.0e 6 . A lock mass of 445.120025 was used. The top 20 most intense precursors were subjected to collision-induced dissociation (CID) with normalized collision energy of 30 eV and activation q of 0.25. A dynamic exclusion duration of 45 s was applied for repeated precursors.
Data analysis
Protein concentrations in UF at the different stages in both gravid and non-gravid uteri were assessed using analysis of variance (ANOVA). Data are presented as mean ± s.d. unless otherwise indicated. All statistical analysis was carried out using R (R Core Team 2015).
The MS and MS/MS data were searched using Proteome Discoverer (Thermo Scientific Version 1.4) with the MASCOT search engine (Version 2.4.1) against a tammar proteome database generated in-house (15,344 protein sequences) from the tammar genome version 2.0 (Renfree et al. 2011) . Search criteria used were trypsin digestion, variable modifications set as carbamidomethylation of cysteine (Cys) and oxidation of methionine (Met), allowance of up to two missed cleavages, precursor tolerance of 10 ppm and 0.6 Da on the fragment ions. A targeted false discovery threshold of <1% was applied for all peptides (marked 'high' in Supplementary Table 1, see section on supplementary data given at the end of this article). Proteins were inferred on a basis of at least two unique peptides in order to be confident of a match. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Vizcaíno et al. 2014 (Vizcaíno et al. , 2016 repository with the dataset identifier PXD004170.
Results
Protein concentrations in UF did not differ between the two sides at any stage (P > 0.05, Fig. 2 ). Concentrations rose progressively after d 3 from about 25 µg/mL at days 0 and 3 to about 150 µg/mL at d 9 (P < 0.0001, Fig. 2 ).
We identified 994 proteins in uterine flushings based on MASCOT searches of the tammar genome (Supplementary Table 1 ). Six hundred and three proteins were filtered based on minimum of two unique peptides and the protein to be present in minimum of three biological replicates out of five (Supplementary Table 2 Table 2 column M -location) predicted 128 secretory proteins, 24 mitochondrial proteins and 451 other proteins. To assess the contribution of serum proteins to UF, we conducted parallel proteomic analyses of blood serum of tammar. We identified 47 proteins in serum (Supplementary Table 3A) ; of these, all were also found in UF, with albumin being the most significant component. Although there is no tammar serum/plasma proteome database in the public domain, we were able to cross-reference to the human plasma proteome database (Nanjappa et al. 2014) and identified 342 proteins that were present both in UF and the human plasma proteome database (Supplementary Table 3B ). Enzymes involved in glycolysis, gluconeogenesis, pentose phosphate pathway, glycogenolysis, fatty acid metabolism, arachidonic acid metabolism, tricarboxylic (TCA) cycle, galactose metabolism, creatinine and retinol metabolism were identified in samples from d0 RPY until d11 RPY (Table 1 ) after d11 proteins involved in adhesion, implantation and embryogenesis were being identified (Supplementary Table 2 ). Comparison of proteins in d0 and early stages of reactivation (d4-d6) showed that most of the proteins were present in all the stages except the cell cycle regulatory proteins that were present only in d0 and growth factors only in stages d4-d6 (Supplementary Table 4) .
Apart from the other types of proteins, by d11 RPY, there were more proteins associated with cell adhesion (Stavréus-Evers et al. 2002 , Wang & Dey 2006 . It is likely that proteins involved in adhesion present on the luminal epithelial surface are important for the maintenance of integrity between adjacent epithelial cells. Hepatomaderived growth factor, Transforming growth factor (TGFβ) 68 kDa protein and epidermal growth factor receptor (EGFR) were identified at different stages of reactivated UFs and in d3 UFs but not in the d0 samples. UFs contain significant number of growth factors, which were found to be secreted into the lumen from the day of reactivation (d4 RPY) and these increased up to late gestation (Table 2 ). Proteins involved in the p53/p21 cell cycle inhibition pathway (Fig. 3A) including Septin 2 (SEPT2), Septin 7 (SEPT7), mitogen-activated protein kinase 1 (MAPK1), proliferation-associated protein 2G4 (PA2G4), glia maturation factor beta (GMFB), neural precursor cell expressed, developmentally downregulated 8 (NEDD8) protein, cullin-associated NEDD8-dissociated protein 1(CAND1) and RNA binding protein fused in sarcoma (FUS) were only seen in d0-d3 samples (Supplementary Table 2 ). Lectin, galactosidebinding soluble 1 (LGALS1) and proliferating cell nuclear antigen (PCNA), which regulates cell proliferation and differentiation, were observed only in the reactivation samples (Supplementary Table 2 ).
Discussion
Earlier studies of the tammar UF using approaches such as gradient gel electrophoresis (Renfree 1973) and radioactive tracer studies (Shaw & Renfree 1986) demonstrated that there are stage-specific changes in the proteins present in the uterine secretions, but this is the first study using modern proteomics techniques and provides new data on the presence of individual proteins identified by MASCOT search (Perkins et al. 1999) of the recently developed tammar genome. This approach allowed us to study the qualitative changes in protein composition in UF taking into consideration whether a protein was consistently found in at least three biological replicates during diapause, reactivation and up to late gestation.
Studies in a range of eutherian and marsupial species show that UF contains selectively transudated serum proteins as well as proteins unique to the uterus (Junge & Blandau 1958 , Stevens et al. 1964 , Renfree 1973 , Beier 1974 . The protein repertoire of UF in tammar using gradient acrylamide gel electrophoresis identified numerous small uterine-specific pre-albumin proteins (Renfree 1973) and similarly in human secretions using two-dimensional polyacrylamide gel electrophoresis (Maclaughlin et al. 1986 , Hannan et al. 2010 . However, the studies in tammar did not reveal the identities of several UF proteins. Our study demonstrated the presence of many serum proteins in the UF (Supplementary Table 3A ). These may be passing though the endometrial epithelial barrier by selective 
Figure 2
The protein concentrations (mean ± s.d.) measured by BCA assay (n = 5 for each stage and side) across the stages (d0-d9 RPY) in the gravid and non-gravid uteri. At no stage, there was a significant difference between the concentrations in the two sides (P > 0.05). Protein concentrations in the flushings from both uteri increased progressively from d3 to d9 (P < 0.0001). The significant differences with reference to d0 are denoted by *. entry or apocrine secretions. There is also evidence to demonstrate localisation of some of these serum proteins in the endometrium (DeSouza et al. 2005 , Fowler et al. 2007 . In marsupials and primates, uterinespecific pre-albumins may pass into the blastocyst and exert some effect on its growth (Renfree 1973 , 1978 , Peplow et al. 1974 , Hearn & Renfree 1975 , but this idea has not been tested directly. The predictions by TargetP 1.1 revealed that 21% of the proteins in UF are classed as secretory proteins. Exosomes and microvesicles derived from endometrial epithelium or trophectoderm have been identified in human (Kshirsagar et al. 2012 , Ng et al. 2013 , Tannetta et al. 2014 ) and ovine UF (Racicot et al. 2012 , Burns et al. 2014 , which provide an alternative mode of maternal embryo communication. Exosomes that contain lipids, proteins or micro-(mi)RNA are acquired by the endometrial epithelial cells or the blastocyst to promote implantation (Valadi et al. 2007 , Simpson et al. 2008 . Exosomal marker proteins include CD9, CD63 and CD81 along with heat-shock proteins HSP70 and HSP90 (Mathivanan et al. 2010) . Among the exosomal proteins reported in earlier studies, glyceraldehyde phosphate dehydrogenase (GAPDH), tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta polypeptide (YWHAZ), HSP70 and high mobility group B1 (HMGB1) have been identified in our study. However, given that the tammar blastocyst is enclosed in an acellular shell coat for the first 18 days of pregnancy, it has yet to be determined whether microsome-or exosome-mediated transfer from the uterus to the blastocyst is possible in this species. Table 2 Growth factors and associated binding proteins that may be involved in regulating diapause and later pregnancy that have been identified from d3 RPY to d24 RPY uterine flushings of the tammar wallaby.
Growth factors Stage present (after RPY) References
Hepatoma-derived growth factor d3, d4-d5, d6-d9, d11 Gómez et al. (2012 Gómez et al. ( , 2014 Pregnancy is also regulated by cytoskeleton-associated proteins involving cytoskeletal rearrangements, apoptosis and constant remodelling (Lee et al. 1998 , Miehe et al. 2005 , which may in turn regulate the developing embryo (Jensen et al. 2013) . Keratins are usually considered as a source of contamination during proteomic procedures, but 51 specific keratins were detected in pre-implantation mouse embryos, and several other studies confirm the presence of keratins and cytokeratins in the early mammalian embryonic development (Lehtonen et al. 1983 , Magin et al. 2000 . The changes in the keratin components in UF in our study possibly reflect changes resulting from the cellular differentiation of the endometrium. Adhesion protein Vanin 3 was specifically found in d11RPY UF samples in the tammar previously known to be present on the surface of equine endometrium (Hayes et al. 2012) . Furthermore, synthesis of several classes of proteins, including adhesion factors, cytokines and growth factors, increases immediately after the oestrogen pulse that induces mouse implantation (Dey et al. 2004) as well as at reactivation from diapause in the tammar (Cha et al. 2013) . Several ECM components associated with apocrine secretion from the glandular epithelium (Demir et al. 2002) are up-regulated in the pre-implantation endometrium in mice, including fibronectin, laminin and collagen type IV (Armant et al. 1986 , Carson et al. 1988 . These ECM proteins were observed in tammar UFs during diapause and most of the reactivation stages and not limited to any stage.
HMGB1 acts in an autocrine/paracrine fashion, and immunohistochemical analysis of human and rat endometrial tissue revealed the higher levels of HMGB1 in the nuclei of glandular epithelial, stromal and luminal epithelial compartments during the pre-receptive phase compared with their counterparts in the receptive phase in human (Cui et al. 2008 , Bhutada et al. 2014 . HMGB1/p53 complex are known to regulate autophagy and apoptosis (Livesey et al. 2012) . In the tammar, HMGB1 was present from d0 until d11RPY, and high mobility group B2 (HMGB2) was present in d0-d3 and d11 of pregnancy.
UF contains many enzymes involved in important metabolic pathways that have been studied in the uterus and embryo (Murdoch & White 1968 , Kirchner et al. 1971 , Denker & Petzoldt 1977 , Peplow 1982 , Zavy et al. 1984 . During diapause, the blastocyst remains viable but has a low metabolic rate that must provide sufficient energy for the maintenance and homeostasis of the embryo during the long period of arrest (Spindler et al. 1995 (Spindler et al. , 1997 (Spindler et al. , 1999 . The first significant increase in blastocyst metabolism is at day 4 RPY when the first mitoses are seen in the blastocyst, subsequent to activation of the CL and progesterone stimulation of the uterus (Spindler et al. 1995 (Spindler et al. , 1997 . To maintain viability during diapause, it is important for the blastocyst to avoid damage from reactive oxygen species (ROS). Within the uterus, this may be achieved by local action of enzymes in the uterine fluid. This reducing environment is preserved by enzymes that maintain the reductionoxidation (REDOX) state through a constant input of metabolism-derived energy (Gilbert & Colton 1999) . Cells have several mechanisms to protect against reactive oxygen species (ROS). Prolonged, experimentally induced ROS production severely inhibits embryo development (Johnson & Nasresfahani 1994 , Guerin et al. 2001 , and its regulation is necessary for optimal embryo growth (Burdon 1996) . The apocrine secretion of enzymes identified by our study (Table 1) , which catalyse the destruction of ROS, are transcribed in preimplantation embryos (Harvey et al. 1995 , Takahashi 2012 , Ramos et al. 2015 . REDOX enzymes also known to support cell cycle progression (Yamauchi & Bloom 1997) . Glutathione peroxidase, identified in our study, is an important REDOX regulator and is found in reproductive tract fluid (Gardiner et al. 1998 ) and decreases in concentration as early cleavage proceeds (Gardiner & Reed 1995) . A family of peroxiredoxins identified in our study is known to be secreted by endometrial epithelium into the uterine lumen in mice and play crucial roles as antioxidants in the development of pre-implantation mouse embryos (Wang et al. 2010 , Bhutada et al. 2013 . Another autocrine secretory factor cyclophilin A, commonly seen during oxidative stress (Jin et al. 2000) , was observed in all UFs especially more in days d0-d3 and early reactivation stages.
Progesterone and oestradiol induce changes in the uterine environment and the production and release of some cytokines and growth factors from the uterus that can have both autocrine and paracrine actions to regulate the pre-implantation embryo and prepare the endometrium for implantation (Harvey et al. 1995 , Sharkey 1998 , Hannan et al. 2011 , Binder et al. 2014 . Nineteen proteins previously shown to be regulated by progesterone and oestradiol in human endometrial and myometrial cells (Tamm et al. 2009 , Soloff et al. 2011 were identified in tammar UF (Supplementary Table 5) .
Several growth factors play important roles during pre-implantation mammalian development. Leukaemia inhibitory factor (LIF), insulin-like growth factors (IGFs), epidermal growth factor (EGF), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), platelet activating factor (PAF), vascular endothelial growth factor (VEGF) and transforming growth factor-β (TGF-β) are present in the uterus and influence the development and growth of the pre-implantation embryo in several species including mouse, rat, cow and sheep and tammar (Thouas et al. 2015) . Roles of growth factors during early development have been demonstrated by the addition of purified growth factors to culture medium or by molecular genetic techniques that interfere with gene expression and necessary for successful development of the blastocyst. A few of the previously identified proteins like progestagen-associated endometrial protein (PAEP), LIF and uteroglobin found in UF (Renfree 1973 , Li et al. 1993 were not identified by our study likely due to them below the detection limit of this technique. Epidermal growth factor receptor identified in our study is important in intricate signalling and transcriptional networks (Large et al. 2014) , which regulate diverse cellular functions, promoting cell proliferation, differentiation, migration, cell growth, and survival. These receptors bind epidermal growth factors (EGFs), a mitogen known to terminate diapause in ovariectomized rats in the absence of the oestrogen pulse (Johnson & Chatterjee 1993) . Oestrogen stimulates the expression of the EGF family, and EGF is a potent mitogen expressed in the uterus during implantation in the mouse (Dey et al. 2004) . EGF receptors are present in truncated forms on porcine endometrium during d9-d11 of pregnancy (Kliem et al. 1998 ) and in dormant carnivore embryos (Paria et al. 1994) . Upregulation of epidermal growth factor receptor (EGFR) signalling is often observed in carcinomas and promotes uncontrolled cell proliferation and metastasis. The soluble forms (sEGFR) are diagnostic and/or prognostic cancer biomarkers (Perez-Torres et al. 2008 , Adamczyk et al. 2011 , Maramotti et al. 2012 . The soluble secretory forms of EGFR were present in the tammar UF from d3 onwards correlating with the start of cell proliferation.
Hepatoma-derived growth factor (HDGF), a component of p53/p21 cell cycle control pathway, mediates cell proliferation, is activated by mitotic phosphorylation (Everett 2011) and secretion of HDGF requires processing of the N-terminus (Thakar et al. 2010) . HDGF was absent at d0 but was identified from day 3 RPY onwards. Thus, it is the earliest specific secretory change identified, and may be associated with the start of cell proliferation (Fig. 3A) . HDGF in bovine UF promotes embryonic development and cell proliferation and is synthesized by the endometrium and embryo (Gomez et al. 2014) , therefore performing a dual role by receptor-mediated action or directly by DNA binding.
Fibroblast growth factors activate mink embryos from diapause and there is a gradual increase from day 3 after activation (Desmarais et al. 2004) . Most of the growth factors identified have roles in malignancy due to their involvement in proliferation and metastasis (Witsch et al. 2010 ). The absence, or low concentrations, of specific growth factors and the presence of cell cycle inhibitors during lactation and up to d3 RPY in the tammar may be a potent reason the blastocyst remains dormant (Fig. 4) .
Reduction or cessation of mitotic activity in the embryo is controlled by cell cycle regulatory mechanisms (Lopes et al. 2004) . The cell cycle arrest markers may cause activation of mitogen-activated protein (MAP) kinase signal pathway (Moscatello et al. 1998) , downregula tion of cyclins or cyclindependent kinases (cdks) (Kim et al. 1999 , Wang et al. 2013 , which leads to upregulation of p21 and cell cycle arrest. A p53/p21 cell cycle inhibition pathway was evident in all diapause samples (d0 and d3) by the presence of p21-associated proteins that mediate cell cycle arrest at G0/G1 phase. This cell cycle arrest pathway was illustrated by STRING 10 using equivalent proteins from human (Szklarczyk et al. 2010) (Fig. 3A) . Different domains of p21 interact with Cdks and PCNA, and both of these domains can independently inhibit DNA replication when present in cells (Fig. 3B) (Cayrol et al. 1998) . The presence of LGALS1 at d3-d4 and PCNA at d6 by autocrine secretions indicates their roles in DNA replication and cell cycle control of the endometrium during reactivation. These findings are consistent with those identified in the mouse embryo in which dormancy is associated with the decrease in DNA replication genes (Hamatani et al. 2004) .
Future studies of the validation of these growth factors and other molecules of interest in the UF could be carried out using MALDI (Matrix Absorption Laser Desorption Ionisation Time of Flight) Imaging Mass Spectrometry (MALDI IMS) (Caprioli et al. 1997) 
Blastocyst
Figure 4
Summary of the uterine embryo interactions that occur during reactivation from diapause in the tammar. The blastocyst is surrounded by an acellular coat, so uterine control of the blastocyst must be mediated by soluble factors that can pass through this barrier. Uterine flushings contain significant quantities of enzymes, products of cellular differentiation and growth factors from the day of reactivation (d4 RPY), which increase up to late gestation. The absence or low concentrations of growth factors during diapause and presence of cell cycle regulatory proteins that causes cell cycle arrest at G0/G1 phase may maintain diapause, whilst the surge of progesterone from the CL at reactivation induces the release of specific growth regulators from the endometrium that lead to reactivation of the blastocyst. the spatial localisation of the molecules of interest (Balluff et al. 2011 , Fehniger et al. 2014 . Comparison of the peak list from MALDI IMS for identification of proteins using a parallel liquid chromatography (LC)-MS approach enables the identification of hundreds of proteins (Schober et al. 2012 , Cole et al. 2013 , Franck et al. 2013 .
Conclusion
The proteomics approach using multiple biological replicates to characterise the UF proteome from d0 until late gestation coupled with LC-MS/MS analysis provided a global profile of proteins in the UFs and provides evidence for autocrine, paracrine and apocrine pathways. The data from our study collectively suggest that p21 may be responsible for the inhibition of the cell cycle in the uterine epithelium, thus preventing growth factor synthesis, but once diapause is terminated, numerous growth factors including HBGF and EGFR may have a role in reactivation of the diapausing blastocyst.
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